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The egg-laying system of Caenorhabditis elegans hermaphrodites requires development of the vulva and its precise
connection with the uterus. This process is regulated by LET-23-mediated epidermal growth factor signaling and
LIN-12-mediated lateral signaling pathways. Among the nuclear factors that act downstream of these pathways, the LIM
homeobox gene lin-11 plays a major role. lin-11 mutant animals are egg-laying defective because of the abnormalities in
vulval lineage and uterine seam–cell formation. However, the mechanisms providing specificity to lin-11 function are not
understood. Here, we examine the regulation of lin-11 during development of the egg-laying system. Our results
demonstrate that the tissue-specific expression of lin-11 is controlled by two distinct regulatory elements that function as
independent modules and together specify a wild-type egg-laying system. A uterine  lineage module depends on the
LIN-12/Notch signaling, while a vulval module depends on the LIN-17-mediated Wnt signaling. These results provide a
unique example of the tissue-specific regulation of a LIM homeobox gene by two evolutionarily conserved signaling
pathways. Finally, we provide evidence that the regulation of lin-11 by LIN-12/Notch signaling is directly mediated by the
Su(H)/CBF1 family member LAG-1. © 2002 Elsevier Science (USA)
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In multicellular organisms, precise development of or-
gans requires specification of different cell types and the
structural interconnections of tissues. The presence of a
large number of cells increases this complexity and might
require a tight control on the expression of critical genes.
For example, the MyoD gene family members, MyoD and
Myf5, that regulate nearly all aspects of muscle develop-
ment in vertebrates, are regulated by multiple sets of genes,
including the Wnt and Hedgehog signaling pathways (re-
viewed by Chen and Goldhamer, 1999). Similarly, in Dro-
sophila embryonic development, even-skipped gene expres-
sion in a stripe pattern is regulated by multiple early acting
genes, such as bicoid, hunchback, and kruppel (Small et al.,
1991).
The egg-laying system of Caenorhabditis elegans her-
maphrodites offers the potential to address questions re-
lated to regulatory networks of genes and their role in cell
1 To whom correspondence should be addressed. Fax: (626) 568-102fate specification. Egg laying involves four different
components—the vulva, the vulval–uterine connection,
egg-laying muscles, and associated neurons (Trent et al.,
1983; Li and Chalfie, 1990; Newman et al., 1996). Many
genes have been identified that specifically function in only
one set of cells, such as lin-1 and lin-31 in vulval develop-
ment (Ferguson and Horvitz, 1985; Miller et al., 1993; Beitel
et al., 1995; Tan et al., 1998), cog-2 in vulval–uterine
connection (Hanna-Rose and Han, 1999), ceh-24 in vulval
muscles (Harfe and Fire, 1998), and egl-1 in HSN neurons
(Trent et al., 1983; Desai and Horvitz, 1989). In addition,
other genes such as lin-11 are known to function in mul-
tiple sets of cells but have specific effects (Ferguson et al.,
1987; Freyd, 1991; Newman et al., 1999). These studies
have revealed the presence of cell-type specific develop-
mental programs. Hence, their interdependence to specify a
functional egg-laying system suggests a well-coordinated
and perhaps globally regulated molecular network. We are
interested in unraveling the mechanisms that provide
specificity leading to the morphologically and functionally
different kinds of cells during development.8012. Email: pws@caltech.edu. The mature vulva in hermaphrodites is made up of seven0012-1606/02 $35.00
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different cell types that are derived from the divisions of
three vulval precursor cells (VPCs)—P5.p, P6.p, and P7.p
(see Greenwald, 1997; Fig. 1). The 1° lineage cells, progeny
of the P6.p VPC, give rise to vulE and vulF, whereas the 2°
lineage cells, P5.p and P7.p VPC progeny, produce vulA,
vulB1, vulB2, vulC, and vulD (Sharma-Kishore et al., 1999;
Fig. 1). A connection between the developing vulval and
uterine lumens is established by the uterine seam-cell (utse)
that forms by the fusion of uterine  progeny and the
anchor cell (AC) (Newman et al., 1996; Fig. 1). Two major
signaling pathways that function to specify the fates of the
VPCs and promote their cell division are LIN-3–LET-23-
mediated epidermal growth factor signaling pathway and
LIN-12-mediated lateral signaling pathway (Greenwald,
1997). In addition, recent studies have also identified some
components of the Wnt signaling in this process (Sawa et
al., 1996; Eisenmann et al., 1998; Eisenmann and Kim,
2000). While much is understood about the role of these
pathways in inducing the 1° and 2° vulval fates, relatively
less is known about the mechanisms that control differen-
tiation of their progeny. Mutations in some of the genes,
such as lin-11 (LIM homeobox family member), lin-17
(frizzled homolog), and lin-18, affect specific terminal cell
types and hence provide a handle on dissecting this process
(Ferguson and Horvitz, 1985; Ferguson et al., 1987; Freyd et
al., 1990; Sawa et al., 1996).
The formation of the vulval–uterine connection, in par-
ticular the utse, is a critical requirement for successful
mating and laying fertilized eggs. Newman et al. (1996)
have presented a detailed analysis of the developmental
events that give rise to the utse. In wild-type animals, AC
activates LIN-12 signaling to induce the  fates to 6 of 12
ventral–uterine (VU) precursor granddaughters (Newman et
al., 1995). The induced  cells undergo one round of cell
division and give rise to progeny that differentiate into uv1
and utse (Fig. 1; also see Chang et al., 1999). Some of the
genes that function during the differentiation of utse in-
clude cog-2 (Hanna-Rose and Han, 1999) and lin-11 (New-
man et al., 1999). In the present study, we have taken a
systematic approach toward understanding the function of
lin-11 in the egg-laying system. lin-11 mutant animals fail
to lay eggs because of defects in vulva and utse. We have
analyzed the 5-upstream sequence of lin-11 and have
identified its tissue-specific regulatory elements. We show
that the specificity in lin-11 function in vulval morphogen-
esis and utse formation is controlled by distinct cis-located
elements that respond to LIN-17 and LIN-12 signaling
pathways, respectively. Furthermore, we have analyzed the
role of LAG-1, a Su(H)/CBF1 family member, in the egg-
laying system and find that LAG-1 is involved in the
development of the uterine  lineage cells and directly
regulates lin-11 gene expression.
MATERIALS AND METHODS
Strains and Culture Conditions
All strains were maintained according to published methods
(Brenner, 1974; Wood, 1988). Cultures were grown at 20°C. The
wild-type N2 was used as a standard reference strain. Mutations
and integrated transgenes used are: LGI, lin-11(n389), lin-17(n671)
(Ferguson and Horvitz, 1985), lin-17(sy277) (R. Palmer, W. Katz,
and P.W.S., unpublished); LGIII, unc-119(ed4) (Maduro and Pil-
grim, 1995), pha-1(e2123ts) (Schnabel and Schnabel, 1990),
syIs80[lin-11::GFP, unc-119()] (this work); LGV, him-5(e1490)
(Hodgkin et al., 1979), syIs53[lin-11::GFP, unc-119()] (this work),
kuls29[cog-2::GFP, unc-119()] (Hanna-Rose and Han, 1999).
DNA Transformation Experiments
The lin-11::GFP-expressing transgenic worms were generated in
the background of either pha-1(e2123ts) or unc-119(ed4) by using
wild-type pha-1 DNA and unc-119 DNA as rescue markers, respec-
FIG. 1. Vulval development in wild-type hermaphrodite. During
the L3 stage, three (P5.p, P6.p, and P7.p) of the six vulval precursor
cells (VPCs; Pn.p, n  3–8) adopt 2°-1°-2° cell fates and execute
stereotypic pattern of cell divisions (L, longitudinal axis; T, trans-
verse axis; U, undivided). By early L4 stage, vulval cells have
invaginated. The anchor cell (AC) penetrates the 1° lineage cells
and creates a vulval opening. Later, AC fuses with the surrounding
uterine lineage  progeny (6 cells on each side of the animal body)
to give rise to uv1 and utse (mid L4 stage). vulA, vulB1, vulB2,
vulC, vulD, vulE, and vulF refer to the differentiated fates of the
cells.
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tively (Granato et al., 1994, Maduro and Pilgrim, 1995). For
the egg-laying rescue of lin-11(n389), sur-5::GFP(pTG96) or
myo-2::GFP (pPD118.33) markers were used (Gu et al., 1998; S. Q.
Xu, B. Kelly, B. Harfe, M. Montgomery, J. Ahnn, S. Getz, and A.
Fire, personal communication). Transgenic worms were generated
by a standard DNA microinjection technique that produces a
variable copy number of extrachromosomal arrays (Mello et al.,
1991).
Plasmid Construction
lin-11::GFP plasmids. These were made by inserting various
lin-11 regulatory sequences into pPD95.69 and pPD107.94 vec-
tors (S. Q. Xu, B. Kelly, B. Harfe, M. Montgomery, J. Ahnn, S. Getz,
and A. Fire, personal communication). For the DNA fragments
carrying native lin-11 promoter, pPD95.69 vector was used,
whereas those that lacked the native promoter, a pes-10 pro-
moter vector pPD107.94 was used. The plasmid Plin-11gfp carry-
ing a 5.2-kb NsiI fragment of lin-11 regulatory sequence in
pPD95.69 was kindly provided by S. Cameron (Reddien et al.,
2001). The details of other constructs are as follows. Primer FBG1,
5-GCGCGGATCCGAGTCGTTGACGATGGCATC-3; FBG15,
5-CAGCTATGACCATGATTACGCCAAGCTG-3; FBG17, 5-
GAGCATGCCGACTTGTATTCGAACGATTAGTC-3; BBG1,
5-GCGCCTGCAGGGGAATGAAAACACGAGTGTACG-3;
BBG9, 5-AGAGAGGCCTTCCAATCACTTTGTCAGGGAC-
AGG-3; BBG11, 5-CGCGAGGCCTAAATGATGAATATTTTA-
TTAGTTTG-3; and LAG-1-D1, 5-CCGCATGCTTCTCAACT-
CGTCTTTCTAGGGTTTCAAAG-3.
pPGF11.23 was made by PCR amplifying a 2.5-kb DNA from
Plin-11gfp using primers FBG1 and BBG1. The resulting product was
digested with PstI, Nsi I and cloned into pPD95.69 vector.
FIG. 2. Dissection of the lin-11 regulatory elements in the egg-laying system. (A) Various lin-11 5-upstream regulatory elements fused to
GFP reporter (stippled boxes). The translational start site (ATG) has been marked as 1. Solid lines are the DNA pieces, whereas dotted
lines mark the deleted regions. GFP fluorescence in cells:  (strong),  (weak), and  (below detectable). Vulva, 1° and 2° vulval lineage
cells during the L4 stage; uterine , uterine  lineage cells; VCs, VC motor neurons. Solid black and unfilled red arrowheads mark the
positions of the putative TCF-1/LEF-1 and Su(H)/CBF1 binding sites, respectively. The orientations of the sites are represented by the
direction of the arrowheads. (B) lin-11 tissue-specific regulatory elements. lin-11-A, vulval specific; lin-11-B, uterine  lineage specific; and
lin-11-C, embryonic neuron specific. lin-11-AB includes both lin-11-A and lin-11-B elements. The translational start site (ATG) has been
marked with right angle arrow. (C) Putative binding sites for the TCF-1/LEF-1 (solid black arrowheads) and Su(H)/CBF1 (unfilled red
arrowheads) in the entire lin-11 genomic region. lin-11-AB element is shown with gray-filled rectangles. The lin-11 exons are represented
with green boxes.
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pPGF11.33 was made by subcloning a 3.3-kb SphI, StuI fragment of
Plin-11gfp into pes-10 promoter vector pPD107.94. pPGF11.35 was
made in two steps. First, a 4.2-kb SacI fragment was isolated from
ZC247 (cosmid containing lin-11 gene). This was cloned into the
pPD95.69 vector to generate pPGF11.42. pPGF11.42 was then
digested with PstI, NsiI and a 3.5-kb fragment was introduced into
pPD95.69. pPGF11.13 was also made in two steps. First, pPGF11.35
was digested with SphI, StuI and a 1.7-kb fragment was inserted
into the pPD107.94 vector to obtain pPGF11.17. Next, pPGF11.17
was used as a PCR template to amplify a 1.5-kb product by using
primers FBG15 and BBG9. This product was digested with SphI,
StuI and cloned into pPD107.94. pPGF11.12 was obtained by
digesting pPGF11.17 with HindIII and self-ligating the vector
backbone. pPGF11.07 and pPGF11.24 were constructed as follow-
ing. In two separate PCRs, pPGF11.12 was used as a template DNA.
First, a 0.8-kb product was amplified by using primers FBG15 and
LAG-1-D1. This was digested with HindIII, SphI and cloned into
pPD107.94 to obtain pPGF11.07. Second, a 0.5-kb product was
amplified by using primers FBG17 and BBG11. After restriction
digestion with SphI, StuI, it was cloned into pPGF11.35 to obtain
pPGF11.24.
lin-11(n389) egg-laying rescue plasmids. The control plasmid
plin11.102 was constructed by subcloning a 10.2-kb Sal I, NcoI
fragment of ZC247 cosmid into pPD107.94. plin11.108 plasmid
was obtained by subcloning a 10.8-kb NcoI fragment of ZC247 into
pPGF11.12. lin-11 cDNA-expressing vectors under the control of
lin-11-AB (pYK452F7-3) and lin-11-C (pYK452F7-2) elements were
designed as follows. The cDNA clone (yk452f7, kindly provided by
Dr. Yuji Kohara, National Institute of Genetics) was missing the
first 21 bp, including the translational initiation ATG site. Hence,
an in-frame ATG was created by using PCR primers yk452f7-up
(5-GCCTGCAGATGATCACCTCACTGGAAGAAGAGG-3) and
yk452f7-down (5-GCTCTAGACTGTATGTGGGATTTGTTGG-
GAGG-3). The PCR product (1.2 kb) was digested with PstI, XbaI
and cloned in pPD95.69 under the control of lin-11-AB (3.5 kb PstI,
NsiI fragment of pPGF11.35) and lin-11-C (2.0 kb SphI, Nsi I
fragment of plin11.108) elements. The uterine-specific lin-11 res-
cue construct plin11.107 was designed by subcloning a 0.6-kb SphI,
SalI fragment of pPGF11.24 into plin11.102. To generate the
vulval-specific lin-11 rescue construct plin11.109, a 10.2-kb SphI,
NcoI fragment of plin11.102 was inserted into pPGF11.07.
pPGF11.13LAG-1 plasmid was constructed by using PCR based
site-directed mutagenesis strategy (Ho et al., 1989). Four differ-
ent PCR sets were carried out by using the following primers:
LAG-1-up-3, 5-GGCTAGCTAAATTAGTTATGATAAGGAATT-
AGTGG-3; LAG-1-up-4, 5-GGATGATTGAATAGAGCAAGAT-
GGCTAGCTAAATTAG-3; LAG-1-up-5, 5-GAGAGCATGCTG-
GATGATTGAATAGAGCAAG-3; LAG-1-down-2, 5-CCAAGG-
CCTTTGTCAGGGACAGGGATTGTCAG-3; and LAG-1-down-4,
5-CCAGCATGCTCTCAACTCGTCTTTCTAGGG-3.
First, both putative LAG-1 sites were modified by carrying out
three rounds of PCRs. The amplified product of each reaction was
used as a template for the subsequent reaction. Primer pairs were
LAG-1-up-3 and LAG-1-down-2 (first set), LAG-1-up-4 and LAG-1-
down-2 (second set), and LAG-1-up-5 and LAG-1-down-2 (third set).
In the first PCR set, a 271-bp product was amplified by using
pPGF11.13 as a template DNA. The product size was 293 bp long
after the second PCR set and 304 bp long after the third PCR set. In
a separate PCR experiment, a 1.2-kb product was amplified by
using template pPGF11.13 and primers FBG15 and LAG-1-down-4.
The 304-bp product was digested with SphI, StuI, while the 1.2-kb
product was digested with only SphI. Both were cloned into
pPD107.94.
RNAi Experiment
lag-1 RNAi was performed by an RNA-soaking technique
(Tabara et al., 1998). RNA was prepared by in vitro synthesis using
the Ambion MEGAscript Kit according to the manufacturer’s
protocol. The plasmid carrying lag-1 cDNA, pMB45, was kindly
provided by Dr. J. Kimble (Roehl et al., 1996). lag-1 cDNA was
excised from pMB45 and subcloned into pBS-SK(). Equal amounts
of each RNA strand (20 l) were mixed to generate dsRNA. For
control RNA, the pBS-SK() vector with no lag-1 insert was used.
syIs80 worms were synchronized by 24 h L1 starvation in M9
buffer after bleach treatment of the adult hermaphrodites. A small
aliquot of L1-stage worms was mixed with 20 l dsRNA solution
and 5 l OP50 bacterial culture. Worms were incubated in this
mixture for 48 h. Afterwards, they were washed twice with M9 and
transferred onto regular plates seeded with OP50. L4-stage animals
were examined for the desired phenotypes.
FIG. 3. Tissue-specific rescue of the lin-11 defects in the egg-laying system by transgene expression. (A, C, E) Nomarski photomicrographs
of the vulval cells during mid-L4 stage. utse, uterine seam-cell; AC, anchor cell. (B, D, F) Uterine  progeny revealed by the expression of
cog-2::GFP (stars) in the same stage animals. The focal plane in (B) reveals an additional cog-2::GFP-expressing cell, the AC (Hanna-Rose
and Han, 1999). The thick white arrows point to the center of the vulval opening. The thin arrows mark the muscle nuclei in the plane of
focus (Hanna-Rose and Han, 1999). (A, B) A wild-type animal. The normal vulval invagination and two distinct groups of migrated 
progeny are visible. (C, D) A lin-11(n389) animal. Defects can be seen in both the vulval invagination as well as uterine  progeny
migrations. (E) lin-11(n389) animal carrying transgene plin11.109. The vulval invagination defect has been rescued but the utse fails to
form. AC is still located on top of the vulval apex and fails to migrate. (F) lin-11(n389) animal carrying transgene plin11.107. The uterine
 progeny have migrated significantly and appear in two distinct groups. Anterior is at left. Scale bar, 9 m.
FIG. 4. Effect of lin-17 mutation on lin-11::GFP (syIs53) vulval expression in VPC granddaughters (Pn.pxx stage). (A, C, E) Nomarski
photomicrographs. (B, D, F) lin-11::GFP-expressing cells. (A, B) Wild type lin-11::GFP expression. Except rare cases, only the inner two cells
of the P5.p and P7.p lineages (P5.ppa, P5.ppp, P7.paa, and P7.pap) express bright GFP. (C, D) A lin-17(n671); syIs53 animal showing GFP
expression in P7.p lineage that is the mirror image of the wild-type. (E, F) A lin-17(n671); syIs53 animal expressing GFP in all the P7.p
lineage vulval cells. Expression is visibly higher in one pair of P7.p granddaughters compared with the other. Arrows in (B), (D), and (F) mark
VC neurons in vulval region. Anchor cell (AC) position is marked in (A), (C), and (E). Anterior is at left. Scale bar, 8 m.
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RESULTS
The fully penetrant egg-laying defect in lin-11 mutant
animals suggests its critical function during development of
the egg-laying system. All 10 known alleles of lin-11 affect
vulval morphology as well as utse differentiation (Ferguson
et al., 1987; Freyd, 1991; Newman et al., 1999; B.P.G.
unpublished observations). An analysis of the expression
pattern of lin-11 in vulva and uterine  lineage cells earlier
suggested that cellular defects arise due to a failure in the
differentiation process (Freyd, 1991; Newman et al., 1999).
In an attempt to understand the regulation of lin-11 in
cellular differentiation, we first studied its expression in the
developing vulval and uterine  lineage cells using two
different lin-11::GFP-expressing transgenic lines, mgIs21
and nIs96 (Hobert et al., 1998; Reddien et al., 2001). The
mgIs21 strain contains a 9.5-kb lin-11 genomic DNA that
includes an approximately 6-kb 5-upstream region and four
exons beginning the ATG start codon (plin-11-ABCDE-
GFP; Hobert et al., 1998). The mgIs21 animals express
lin-11::GFP in the developing vulval and uterine  lineage
cells (Hobert et al., 1998; B.P.G., unpublished observations).
On the other hand, the nIs96 strain contains only 5.2 kb of
upstream regulatory DNA (construct Plin-11gfp) but still
reveals an almost identical pattern of expression (Fig. 2A).
lin-11 5-Region Contains Distinct cis-Located
Tissue-Specific Elements
As a first step toward understanding the tissue-specific
gene expression of lin-11, we systematically dissected the
above mentioned 5.2-kb genomic sequence by testing the
ability of subclones to direct the expression of a GFP
reporter in vivo. Figure 2A summarizes the results obtained
with different DNA constructs and their expression do-
mains. Three smaller constructs carrying overlapping DNA
fragments—pPGF11.23 (2.3 kb), pPGF11.33 (3.3 kb), and
pPGF11.35 (3.5 kb)—helped localize the vulval and uterine
expression to an interval of 1.7 kb, approximately 2 kb
upstream of the translational initiation ATG (Fig. 2A). A
1.3-kb DNA fragment within this 1.7-kb region revealed
dynamic expression of lin-11 and activates GFP expression
in the 1° and 2° lineage vulval cells and uterine  progeny
(Fig. 2A). This DNA fragment (construct pPGF11.13) was
integrated into the genome in order to characterize the
detailed expression pattern (transgenic line syIs80, see
below). Another overlapping 1.2-kb DNA fragment within
this 1.7-kb region (construct pPGF11.12 in Fig. 2A) also
activates GFP expression in vulval and uterine  lineage
cells. The vulval expression in this construct is, however,
comparatively weaker than pPGF11.13. To identify the
tissue-specific elements, we further dissected the 1.2-kb
region into smaller fragments and obtained two overlapping
elements of 650 (construct pPGF11.07) and 530 bp (con-
struct pPGF11.24). pPGF11.07 array containing transgenic
animals revealed lin-11::GFP expression in vulval cells but
not uterine  cells. On the other hand, animals carrying
pPGF11.24 array expressed lin-11::GFP in only the uterine
 lineage cells (Fig. 2A). We also integrated the pPGF11.07
construct into the genome (transgenic line syIs53, see
below).
In summary, our promoter dissection experiments re-
vealed two distinct elements for the vulval-specific (lin-
11-A in Fig. 2B) and uterine  lineage-specific (lin-11-B in
Fig. 2B) gene expression. Apart from these cell types, the
lin-11-A element also directs GFP expression in all six VC
motor neurons and a pair of the tail neurons PVQ (data not
shown; also see Hobert et al., 1998). In addition, expression
is detected in B.pap cell lineage in the developing male tail.
The upstream DNA sequence between lin-11-B and trans-
lational start codon ATG (approximately 1.7 kb; lin-11-C in
Fig. 2B) activates gene expression in the embryonic neurons
similar to that reported earlier (Hobert et al., 1998).
lin-11 Regulatory Elements Are Modular in
Specifying the Egg-Laying System
The identification of the tissue-specific lin-11 regulatory
sequences provided us a tool to analyze the in vivo function
of the gene in a defined and controlled manner. We were
interested in testing the biological function of the elements
as predicted by their ability to express the GFP reporter.
Definition of these elements also allows us to evaluate the
contribution of lin-11 in each tissue for the formation of a
functional egg-laying system.
As described above, the minimal regulatory element for
both the vulval and uterine  lineage cells was localized to
1.3 kb DNA (lin-11-AB in Fig. 2B). We therefore tested to
see whether this element is capable of rescuing the egg-
laying defect of a strong loss-of-function lin-11 allele, n389.
Since n389 animals are unable to lay eggs because of the
abnormalities in vulva and utse, rescue of the egg-laying
defect would indicate development of a wild-type vulva and
utse. In wild-type hermaphrodites, during L4 stage, the
vulva has a characteristic shape by the invagination of 1°
and 2° lineage cells (Figs. 1 and 3A). The utse in these
animals appears as a thin line as a result of the fusion and
subsequent nuclear migrations of the  progeny (Newman
et al., 1996; Figs. 1 and 3A). cog-2::GFP, a  lineage marker,
reveals two distinct groups of the  progeny on either side
of the vulval opening (Hanna-Rose and Han, 1999; Fig. 3B).
By contrast, lin-11(n389) animals have abnormal vulval
invagination and no visible utse (Fig. 3C) and anchor cell
(AC) remains located on the vulval apex causing a physical
block in the egg-laying passage (Newman et al., 1999; Fig.
3C). Furthermore, cog-2::GFP expression reveals defects in
the migration of  progeny (Fig. 3D). We generated trans-
genic worms carrying full-length lin-11 genomic DNA
under the control of the lin-11-AB element (construct
plin11.108; see Fig. 2B for position of AB element). Three of
four stable lines showed rescue of the egg-laying defect. The
array containing animals laid fertilized eggs and had wild-
type vulval invagination and utse (data not shown). In a
control experiment, none of the seven transformed lines
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carrying lin-11-C element (construct plin11.102; see Fig. 2B
for position of C element) showed any rescuing activity. We
also repeated these experiments with a full-length lin-11
cDNA in place of the genomic DNA and found identical
results. Thus, all four stable lines carrying lin-11 cDNA
under the control of lin-11-AB element (construct
pYK452F7-3) were rescued for the egg-laying defect and
tissue morphologies. These results suggest that the lin-
11-AB regulatory element is necessary and sufficient for the
development of vulval and uterine  lineage cells to form a
functional egg-laying system.
We next analyzed the ability of individual lin-11-A and
lin-11-B element to rescue the egg-laying defect of lin-
11(n389) animals. Transgenic animals were generated car-
rying full-length lin-11 genomic DNA under the control of
lin-11-A (vulval-specific; construct plin11.109) and lin-11-B
(uterine -specific; construct plin11.107) elements sepa-
rately. We initially expected that plin11.107 array would
rescue the egg-laying defect of lin-11(n389) animals since
the defect was argued to be due to a failure in utse
differentiation (Newman et al., 1999). However, none of the
examined transgenic animals (five stable lines for
plin11.109 and three stable lines for plin11.107) showed
rescue of the egg-laying defect. To determine whether these
constructs rescued lin-11 defects in individual tissues,
transgenic animals were analyzed for a rescue of the tissue-
specific morphological defect. We found that animals car-
rying the plin11.109 array showed normal vulval morphol-
ogy but no visible utse (Fig. 3E, compare with Figs. 3A and
3C). The AC in these animals is still located on the vulval
apex. Conversely, plin11.107 animals rescued only the utse
defect as revealed by the expression of cog-2::GFP (Fig. 3F,
compare with Figs. 3B and 3D). A simple interpretation of
these results is that both tissues require lin-11 expression to
form a functional egg-laying system. We tested this hypoth-
esis by generating transgenic animals carrying both con-
structs, plin11.109 and plin11.107, together. We found that
three of four stably transmitting lines showed rescue of the
egg-laying defect. The animals also had wild-type vulval
and utse morphology. We conclude that the lin-11-A and
lin-11-B regulatory elements are functionally separable and
necessary for the wild-type development of the egg-laying
system. It is formally possible that the lin-11 expression in
VC neurons and/or PVQ neurons may also be needed for the
egg-laying since the lin-11-A element does drive GFP re-
porter in these cells (see above). However, we do not think
that this is a critical requirement (see Discussion).
lin-11 Regulatory Elements Contain Putative
Binding Sites for Transcription Factors
One of our goals in dissecting the function of lin-11 in the
vulva and uterus was to identify the genes that regulate its
tissue-specific expression. The presence of distinct cis-
located elements allowed us to determine whether these
elements contain consensus binding sites for the known
transcription factors, particularly those that function dur-
ing vulval development. Some of the candidates included
LAG-1 (Su(H)/CBF1 family; Christensen et al., 1996), LIN-1
(ETS-domain family, Beitel et al., 1995), and POP-1 (HMG-
box family; Lin et al., 1995). The DNA sequence (A/
G)TGGGAA is recognized by the Su(H)/CBF1 homologs
(Tun et al., 1994; Brou et al., 1994), a core region GGA(A/T)
by ETS-box-containing proteins (Sharrocks et al., 1997) and
CTTTG(A/T)(A/T) by HMG-box containing TCF-1/LEF-1
homologs (Waterman et al., 1991; Travis et al., 1991; Zhou
et al., 1995). While a prediction of such sites does not
guarantee the role of the candidate genes, it does suggest
FIG. 5. lin-17 regulates lin-11 expression during vulval develop-
ment. The x-axis represents the vulval cell types (from left to right,
P5.p, P6.p, and P7.p progeny) and the y-axis represents the number
of animals expressing GFP (%). (A) At Pn.pxx stage (VPC grand-
daughters), the GFP pattern in P7.p progeny of the lin-17(n671)
animals is the mirror image of the wild type. Cell types are based
on their axis of cell division (L, longitudinal; T, transverse; U,
undivided). A significantly higher proportion of the lin-17(n671)
animals have visible GFP in the outer LL cells of the P7.p lineage
(20%, n  36) compared with the wild type (0%, n  55).
However, during Pn.pxxx stage (VPC great-granddaughters) (B),
lin-17 positively regulates lin-11::GFP expression. The GFP expres-
sion is nearly abolished in n671; syIs53 animals (n  50). Cell
types on the x-axis are as follows: A, vulA; B1, vulB1; B2, vulB2; C,
vulC; D, vulD; E, vulE; F, vulF.
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their possible function. Our sequence searches revealed
putative sites for the transcription factors of the Wnt and
LIN-12/Notch signaling pathways (Figs. 2A and 2C). For the
TCF-1/LEF-1 family members, 1 site was found within the
lin-11-A vulval element, a total of 4 in the lin-11-AB
element and 12 in the entire lin-11 genomic region (solid
black arrowheads in Figs. 2A and 2C). For the Su(H)/CBF1
homologs, 2 very closely located sites exist within the
lin-11-B uterine element (unfilled red arrowheads in Fig.
2A) and a total of 11 in the entire lin-11 genomic region (Fig.
2C). None of the Su(H)/CBF1 sites is located in the vulval
element lin-11-A (Fig. 2A). TCF-1/LEF-1 family members
are known to function in the Wnt signaling pathway to
specify many cell fates during animal development (Mo-
lenaar et al., 1996; Morin et al., 1997; Brunner et al., 1997;
Van de Wetering et al., 1997). In C. elegans, POP-1 is a
member of this family (Lin et al., 1995). LAG-1, a Su(H)/
CBF1 homolog, plays a key role in the LIN-12-mediated
lateral signaling pathway (Lambie and Kimble, 1991; Chris-
tensen et al., 1996). Other relevant putative sites that were
identified include GATA factors (three sites; Clarke and
Berg, 1998) and homeodomain proteins (4 sites; Ruvkun
and Hobert, 1998).
Vulval Expression of lin-11 Is Regulated by the
Frizzled Family Member LIN-17
Frizzled (Wnt-receptor) family members in C. elegans
include MOM-5, LIN-17, and MIG-1 (reviewed by Cadigan
and Nusse, 1997). In addition, the genome sequence has led
to the discovery of additional candidates with unknown
function, namely CFZ2 and Y73B6BL.h. Of these, lin-17 is
the only gene shown to be required for the correct specifi-
cation of the vulval cells (Ferguson and Horvitz, 1985;
Ferguson et al., 1987; Wang and Sternberg, 2000). lin-17
mutant animals have polarity defects in the P7.p lineage,
resulting in ectopic vulval invagination (Ferguson et al.,
1987). The expression of lin-17 is detected in VPC grand-
daughters (Pn.pxx stage, x denotes both anterior and poste-
rior cells) in all the three vulval lineages—P5.p, P6.p, and
P7.p (Sawa et al., 1996). Consistent with this finding, Wang
and Sternberg (2000) have shown that lin-17 is required for
the correct patterning of the 1° lineage vulval cells. In lin-17
mutant animals, there is a subtle polarity defect in the vulE
and vulF cells as revealed by the expression of a 1° lineage
marker zmp-1::GFP.
Our analysis of the expression of lin-11 in VPC grand-
FIG. 6. Role of LAG-1 in regulating the uterine  lineage expression of lin-11. (A, B)  progeny expressing lin-11::GFP (syIs80) in lag-1
RNAi-treated animals. (C, D) Vulval and uterine expression of pPGF11.13LAG-1 construct lacking both putative LAG-1 binding sites.
Arrows point to vulval cells that express GFP. (A) The x-axis represents the genotype of animals. The y-axis is the number of animals (%)
expressing wild-type pattern of syIs80 in the  lineage. Dark and light color stippled bars represent each side of the animal body. While
nearly all control animals have wild-type number of GFP-expressing cells (n  69 animals), only about 40% of the lag-1 RNAi animals do
so (n  81 animals). (B) Distribution of the number of  progeny in control and lag-1 RNAi-treated animals. While the controls (solid black
bar) almost always have six cells, lag-1 RNAi animals have a variable number of cells. Nearly 20% have no GFP at all. (C) Nomarski
photomicrograph of a wild-type animal carrying pPGF11.13LAG-1 array. The vulva and utse morphologies are wild type. Some of the
vulval cells are marked with arrows. (D) Same animal as in (C) examined for the GFP fluorescence. While the vulval cells (arrows) are still
fluorescing, uterine  progeny fail to express detectable level of GFP (dotted red marked area). Anterior is at the left in (C) and (D). Scale
bar, 7 m.
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daughters (Pn.pxx stage) has revealed the following pattern
in P5.p and P7.p lineage cells (from anterior to posterior; L,
low; H, high), LLHH and HHLL, respectively (Figs. 4A, 4B,
and 5A). The cells expressing higher GFP give rise to
progeny that invaginate during the beginning of L4 stage.
Since lin-17 mutations alter the vulval invagination pat-
tern, we examined their effect on the lin-11 expression. We
reasoned that lin-17 could be involved in correctly activat-
ing lin-11 expression in P7.p progeny, and this in turn
determines the cellular invagination pattern. The analysis
of the expression pattern of lin-11::GFP (syIs53) in lin-
17(n671) animals showed a good correlation between the
ectopic invagination of P7.p lineage cells (55%, n  53) and
their altered pattern of lin-11::GFP expression (47%, n 
36) (Figs. 4D, 4F, and 5A). In a wild-type animal at the
Pn.pxx stage, syIs53 expression is typically detected in
P5.ppx and P7.pax cells (Figs. 4A and 4B). However, in
lin-17(n671) animals, the pattern of expression is defective
in P7.p but not in P5.p progeny. The most frequent defect is
a mirror image of the wild-type pattern in P7.p progeny
(compare Fig. 4D with Fig. 4B). The other defect is either a
graded (Figs. 4E and 4F) or uniform distribution (not shown)
of GFP in all P7.p progeny. Very few worms had correctly
localized GFP (5%, n  21). We recovered 10 worms from
the slide that had a mirror image GFP pattern (similar to
that in Fig. 4D) and allowed them to grow until L4 stage. All
10 showed an ectopic P7.p invagination providing strong
support to our hypothesis that the higher level of LIN-11 in
2° lineage cells at Pn.pxx stage determines their fate to
invaginate. We also examined 8 worms that had GFP
pattern similar to that in Fig. 4F and found that, while 5 of
them formed ectopic invagination, the remaining were wild
type or close to wild type. In these experiments, no change
in the lin-11::GFP expression pattern in P5.p lineage was
observed (Figs. 4 and 5A). Another allele of lin-17, sy277,
shows similar effects (data not shown). We conclude that
the early role of lin-17 is to correctly activate lin-11
expression in vulval cells to generate a wild-type invagina-
tion pattern.
In contrast to these results, we observed a different effect
of lin-17(n671) on syIs53 expression in VPC great-
granddaughters (Pn.pxxx stage). The overall level of GFP
fluorescence was considerably reduced in both the P5.p and
P7.p lineage cells (Fig. 5B). Freyd (1991) has previously
observed a reduction in the lin-11::lacZ expression in a
lin-17 mutant background. These observations suggest that,
at the Pn.pxxx stage, lin-17 positively regulates lin-11
expression in all 2° lineage cells. The expression was not
completely abolished, suggesting that other genes also
participate in regulating the lin-11 vulval expression. Fur-
ther support for this hypothesis also comes from the anal-
ysis of the lin-17 lin-11 double mutant phenotype. The
ectopic vulval invagination defect of lin-17(sy277) animals
was completely suppressed by lin-11(n389) (n  300; Table
1). The lineage analysis of the animals reveals an additional
novel defect in the P6.p lineage; specifically, the wild type
lineage TTTT becomes LTTL (cell division axis; L, longitu-
dinal and T, transverse; Table 1). Hence, lin-11 and lin-17
together function to specify the correct pattern of 1° lineage
cells.
LAG-1 Is a Transcriptional Regulator of lin-11 in
Uterine  Lineage Cells
Newman et al. (1995) have shown that the LIN-12 path-
way plays a crucial role in the specification of uterine  cell
fates. The animals carrying loss-of-function lin-12 muta-
tion have no  cells, whereas those with gain-of-function
mutation make extra  cells. Further support for the role of
lin-12 comes from sel-12, a presenilin family member, that
functions to specify the  cell fates (Struhl and Greenwald,
1999; Ye et al., 1999; Cinar et al., 2001). Analysis of the
expression of lin-11::lacZ in lin-12 mutant animals has
revealed that lin-11 functions downstream of the lin-12
(Newman et al., 1999). This expression is consistent with
the phenotype of lin-11 animals that have defects in utse
differentiation but not in the number of  cells (Newman et
al., 1999). The molecular relationship between lin-11 and
lin-12 is unknown, however. Our promoter dissection ex-
periments provided an opportunity to address whether
LIN-12 signaling directly regulates lin-11 expression in 
lineage cells. As mentioned above, the lin-11-B element
contains two putative sites for LAG-1 (Figs. 1A and 1C).
The LAG-1 homologs Su(H) (Drosophila) and CBF1 (human)
are known components of the LIN-12/Notch signaling
pathway (Fortini and Artavanis-Tsakonas, 1994; Jarriault et
al., 1995), suggesting a possible direct regulation of lin-11
by the LIN-12 signaling in uterine  lineage development.
TABLE 1
Lineage Analysis of the lin-17(sy277) and the Double Mutant lin-
17(sy277) lin-11(n389)
Genotype P5.p P6.p P7.p
P7.p ectopic
invagination
lin-17(sy277) LLLL TTTT LLLO Yes
LLOO TOOT LLUO Yes
LLLT TTTO LOLL No
LLTU TTTT LLLO No
LLLL TTTT OLLO No
sy277 lin-11(n389) OOLO OTTL OLLL No
OLOL LTTL OOLU No
OLOL LTTL LLLL No
OLLL LTTL LLLL No
OOLL LTTL LLLO No
LOLL OTTL LLLL No
Note. lin-17(sy277) animals have ectopic vulval invagination due
to the lineage defects in P7.p progeny. The lin-11(n389) mutation
completely suppresses this phenotype. The double mutant animals
also exhibit defects in P6.p lineage. Cell division axes are longitu-
dinal (L), transverse (T), and oblique (O). U, undivided cell. The
underline below L, O, and U (L, O, U) represents progeny that did
not invaginate.
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We carried out two kinds of experiments to analyze the role
of LAG-1 in this process. First, we examined the effect of
decreased LAG-1 activity on egg-laying behavior, utse for-
mation, and lin-11 expression. Second, the putative LAG-1
binding sites were modified within the uterine enhancer
element lin-11-B, and its effect on lin-11::GFP expression
was analyzed.
lag-1 is required at multiple times during C. elegans
development. Its embryonic function prevents analysis of a
null allele phenotype during late larval or adult stages
(Lambie and Kimble, 1991). We therefore carried out an
RNAi soaking experiment on syIs80 animals to eliminate
lag-1 function during the vulval–uterine connection stage.
RNAi soaking (Tabara et al., 1998) is a modified technique
of the original RNAi injection method (Fire et al., 1998). It
provides a means to decrease the function of a gene during
postembryonic stages that have essential maternal or zy-
gotic function. lag-1 RNAi animals show many develop-
mental abnormalities, including gonadal defects, sterility,
and early larval lethality (B. Hwang and P.W.S., unpub-
lished observations). Many of these also have defects in
vulval development. We counted the number of lin-11::GFP
expressing  progeny in early- to mid-L4 animals on both
sides of their body (n  81; hence a total of 162 sets) and
present the results in Fig. 6. In lag-1 RNAi animals, there
was a significant reduction in the number of
lin-11::GFP-expressing cells (nearly 50%) compared with
the controls (Fig. 6A). The number of  progeny was
variable (between 0 and 6; wild type has 6 cells each side),
and in nearly 20% of the animals, no detectable GFP
fluorescence was observed in any of the cells (Fig. 6B). Many
of these did not form utse and were subsequently egg-laying
defective. We infer from these results that lag-1 is required
for the normal egg-laying process, utse differentiation, and
uterine  lineage expression of lin-11.
To test the possibility of a direct transcriptional regula-
tion of lin-11 by LAG-1, we examined the role of the
putative LAG-1 binding sites in the uterine-specific lin-
11-B element (Figs. 2A and 2B). Site-directed mutagenesis
was carried out to modify both of the consensus binding
sites in the pPGF11.13 DNA construct (see Fig. 2A). Chris-
tensen et al. (1996) had demonstrated by in vitro binding
experiments that LAG-1 has strong affinity for the DNA
sequence (A/G)TGGGAA, a consensus sequence previously
determined for the Su(H)/CBF1 family of proteins (Tun et
al., 1994; Brou et al., 1994). The mutated construct,
pPGF11.13LAG-1, was injected in the germline and sev-
eral stably transmitting lines were obtained. In more than
10 such lines that we analyzed, almost no detectable (Figs.
6C and 6D) or extremely weak (not shown) GFP fluores-
cence was observed in the uterine  progeny. In this
experiment, the lin-11::GFP expression in VC neurons and
vulval cells serves as an internal control. The vulval, but
not the VC neuron, expression was also reduced in all lines.
While the uterine expression was largely absent, few worms
showed some residual expression. This expression could be
due to the presence of other nonconsensus LAG-1 binding
sites, or other genes that participate weakly in the regula-
tion process. These results provide strong evidence that the
LIN-12 signaling pathway mediated by LAG-1 specifies
vulval–uterine connection by controlling the expression of
lin-11 in  lineage cells.
DISCUSSION
lin-11 Is Necessary in Both the Vulva and Uterus
for Egg-Laying
Our promoter dissection experiments have revealed dis-
tinct regulatory elements for the vulval- and uterine
-specific lin-11 gene functions. While previous studies had
shown the expression of lin-11 in these tissues and its
mutant phenotypes (Ferguson et al., 1987; Freyd, 1991;
Newman et al., 1999), our study provides the first conclu-
sive evidence that the normal egg-laying process requires
lin-11 in both vulva and uterus. In our tissue-specific rescue
experiments, animals failed to lay eggs when only the
vulval or utse defect was rescued. While the requirements
of lin-11 in vulval and uterine  lineage cells are absolutely
essential for egg laying, its expression in other cell types (6
VC motor neurons and a pair of PVQ neurons) is suggestive
of a biological function (Hobert et al., 1998; this study).
PVQ neurons are known to be required for correct fascicu-
lation of HSN motor neurons, and consistent with this,
lin-11 mutant animals have defects in HSN morphology
(Garriga et al., 1993). Similarly, in the case of VC neurons,
genetic and cell ablation studies have revealed their nones-
sential but subtle role in the egg-laying process (Waggoner
et al., 1998; also see Garriga et al., 1993). Thus, multiple
components of the egg-laying system (HSNs, VCs, vulva,
and utse) require lin-11 function for wild-type development.
It is conceivable that other LIM homeobox family members
may have evolved with a similar biological role. For ex-
ample, in Drosophila, the apterous gene has a dual function
in the development of flight muscles and wing blade (Diaz-
Benjumea and Cohen, 1993; Ghazi et al., 2000).
LIN-12 Signaling and lin-11 Regulation
During development, cell–cell interactions play an im-
portant role in cell fate decisions. The LIN-12/Notch sig-
naling pathway is well studied for its role in mediating such
interactions (reviewed in Kimble and Simpson, 1997). New-
man et al. (1995) have shown that, in uterine  lineage
development, LIN-12 signaling specifies the fate of pre-
sumptive  cells. Among the genes that are activated in
response to LIN-12 signaling in  lineage, lin-11 plays an
important role in the differentiation of utse (Newman et al.,
1999). Our results demonstrate that LIN-12/Notch signal-
ing mediated by LAG-1 is a direct regulator of lin-11 in
uterine  lineage cells. It is conceivable that LIN-12 and
LAG-1 regulate lin-11 by acting in parallel in distinct
pathways. However, based on the studies done so far, we
think this unlikely. Mutations in lag-1 were initially iso-
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lated for their effect on the LIN-12- and GLP-1-mediated
signaling processes (Lambie and Kimble, 1991). The mo-
lecular analysis of LAG-1 shows homology to the Su(H)/
CBF1 family of proteins that function in the LIN-12/Notch
pathway (Christensen et al., 1996). Hence, the simplest
model is that LIN-12 signaling activates LAG-1, which in
turn binds to the uterine regulatory region of lin-11 and
controls gene expression in the  lineage cells (Fig. 7). These
results provide the first example of direct regulation of a
LIM homeobox gene by the LIN-12/Notch signaling path-
way. In the case of Drosophila wing development, Notch
activity is regulated by the apterous gene function (Diaz-
Benjumea and Cohen, 1993; Couso et al., 1995; Klein and
Martinez-Arias, 1998). In vertebrates, many examples exist
of the LIM homeobox gene regulation by major signaling
pathways, such as TGF superfamily in mouse and Xeno-
pus embryogenesis (Cornell and Kimelman, 1994; Toyama
et al., 1995; Rebbert and Dawid, 1997), Sonic Hedgehog and
FGF8 in mouse pituitary gland development (Treier et al.,
1998, 2001), and FGF8 in mouse limb development (Ericson
et al., 1998; Tucker et al., 1999). Future studies might
reveal whether our findings in C. elegans has parallels in
vertebrate systems.
LIN-17 Mediated Wnt Signaling Regulates lin-11 in
Vulval Development
Wnt genes and components of their signaling pathway are
critical players in the development of many animals (see
review Cadigan and Nusse, 1997). In C. elegans, Wnt
signaling plays multiple roles, including embryonic cell
polarity (Rocheleau et al., 1997; Thorpe et al., 1997), gonad
development (Sternberg and Horvitz, 1988), neuroblast mi-
gration (Harris et al., 1996; Maloof et al., 1999), and vulval
development (Ferguson et al., 1987; Sternberg and Horvitz,
1988; Sawa et al., 1996; Eisenmann et al., 1998; Eisenmann
and Kim, 2000; Wang and Sternberg, 2000). Several studies
have identified the components of this pathway including
Wnt ligands LIN-44, MOM-2, and EGL-20 (Herman et al.,
1995; Rocheleau et al., 1997; Maloof et al., 1999) and
Frizzled receptors, such as LIN-17 and MOM-5 (Sawa et al.,
1996; Rocheleau et al., 1997). Vulval development utilizes
Wnt signaling at different times, initially during the induc-
tion process (Eisenmann et al., 1998; Eisenmann and Kim,
2000) and later on in the differentiation of vulval progeny
(Wang and Sternberg, 2000; this study). We have found that,
during terminal differentiation process, one function of
LIN-17 is to regulate the LIM homeobox gene lin-11 expres-
sion. Similar findings in vertebrates have shown that the
Wnt ligand WNT7a regulates the expression of Lmx1 in
mouse and chick limb development (Riddle et al., 1995;
Vogel et al., 1995). The presence of multiple putative
TCF-1/LEF-1 sites in the lin-11 vulval element suggests
that such regulation could be mediated directly.
Our experiments reveal two different effects of lin-17 on
lin-11 vulval expression: an early role in the P7.p lineage
cells (Pn.pxx stage) for correct polarity and a late role in
upregulating the expression in both P5.p and P7.p lineage
cells (Pn.pxxx stage) (Fig. 7). It is not clear whether both
effects are executed by the same pathway components or
perhaps different stage-specific genes. Sawa et al. (1996)
have proposed that, in the case of B and T cell lineages in
male tail development, LIN-17 receptor may respond to at
least two Wnt ligands, one of which is LIN-44. The lin-44
mutations cause a reversal of polarities in the daughters of
the B or T cells, i.e., the anterior daughter adopts the fate of
their posterior daughter or vice versa (Herman and Horvitz,
1994). On the other hand, lin-17 mutations lead to their loss
of polarity, i.e., both of the daughters adopt similar fate
(Sternberg and Horvitz, 1988). Our finding that lin-11 ex-
pression in P7.p lineage is frequently reversed in lin-17
mutant vulval cells provides an explanation for the vulval
invagination defect in lin-17 mutant animals. Thus, a major
function of the early stage LIN-17 signaling in 2° vulval
cells is to correctly activate lin-11 expression so that a
wild-type pattern of cell types could be generated. At the
later stage, LIN-17 signaling promotes a high level of lin-11
expression in all vulval cells so that the correct fates could
be executed.
Conclusion
lin-11 expression in vulva and uterus is regulated by
distinct cis-regulatory elements responding to distinct sig-
naling pathways (Fig. 7). The identification of these ele-
ments provides an opportunity to study the gene function
in one given tissue at a time. Furthermore, their regulation
by the LIN-12/Notch- and LIN-17-mediated Wnt pathways
provides an opportunity to analyze the function of other
players involved in the process. Our experiments also
demonstrate that, before every cell division, vulval cells
must be correctly polarized in order to give rise to appro-
priate progeny. The ubiquitous role of lin-11 raises the
interesting question of what controls functional specificity?
The LIM homeodomain proteins are known to form multi-
FIG. 7. A model for the tissue-specific function of lin-11 in the
egg-laying system. In the vulval lineage, lin-11 expression is
regulated by the LIN-17 mediated Wnt signaling pathway. This
regulation is mediated through the vulval-specific regulatory ele-
ment of lin-11. In the uterine  lineage, LIN-12 signaling regulates
lin-11 expression. LAG-1, a homolog of the human CBF1 and
Drosophila Su(H), responds to LIN-12 signal and binds to the
uterine  element of lin-11. lin-11 expression in each tissue is
independently regulated.
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meric complexes involving cofactors such as LIM domain
binding proteins (LDBs) (reviewed by Dawid et al., 1998;
Bach, 2000). The C. elegans genome contains two ldbs
(ldb-1a and ldb-1b) generated by the alternative splicing of
a single transcript (Cassata et al., 2000). Their expression
pattern in vulva has been detected during the time when
lin-11 function is required in vulval morphogenesis (Cas-
sata et al., 2000; B.P.G., unpublished observations). This
correlation suggests that one way to achieve the specificity
is by forming tissue-specific complexes with distinct cofac-
tors.
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